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Summary
Neuronal dendrites, together with dendritic spines,
exhibit enormously diverse structure [1]. Selective
targeting and local translation of mRNAs in dendritic
spines have been implicated in synapse remodeling
or synaptic plasticity [2, 3]. The mechanism of mRNA
transport to the postsynaptic site is a fundamental
question in local dendritic translation [4, 5]. TLS
(translocated in liposarcoma), previously identified as
a component of hnRNP complexes, unexpectedly
showed somatodendritic localization in mature hippo-
campal pyramidal neurons. In the present study, TLS
was translocated to dendrites and was recruited to
dendrites not only via microtubules but also via actin
filaments. In mature hippocampal pyramidal neurons,
TLS accumulated in the spines at excitatory postsyn-
apses upon mGluR5 activation, which was accompa-
nied by an increased RNA content in dendrites. Con-
sistent with the in vitro studies, TLS-null hippocampal
pyramidal neurons exhibited abnormal spine mor-
phology and lower spine density. Our results indicate
that TLS participates in mRNA sorting to the dendritic
spines induced by mGluR5 activation and regulates
spine morphology to stabilize the synaptic structure.
Results
TLS, also called FUS, was first identified as a re-
arranged gene at a chromosomal translocation junction
invariably linked to human myxoid liposarcomas [6].*Correspondence: takumi@obi.or.jp
7 These authors contributed equally to this work.Recent structural study of TLS has identified 2-folded
domains: a C4 zinc finger domain and RNA recognition
motif (RRM) domain [7]. Consistent with its RNA bind-
ing properties, TLS is involved in rapid nuclear-cyto-
plasmic shuttling by binding mRNAs in the nucleus and
exporting spliced mRNA as a ribonucleoprotein com-
plex to the cytoplasm [8] and further in the initiation of
cell spreading [9]. However, no neuronal function of TLS
has been reported. Our initial observation that TLS is
expressed in the mouse neocortex and hippocampus
led us to investigate the neuronal functions of TLS.
TLS Localization in Mouse Neuronal Dendrites
TLS is expressed in the brain, and recent proteomic
analysis revealed that TLS is included in an NMDA re-
ceptor complex [10] and an RNA-transporting granule
as a binding partner of conventional kinesin (KIF5) [11].
We examined the subcellular distribution of TLS in hip-
pocampal neurons in culture. Immunostaining with anti-
TLS polyclonal antibody (TLS-C) exhibited a punctate
distribution of TLS within dendrites and a clustering in
the nucleus (Figure 1A, upper middle panel), whereas
no specific signals were observed in the preadsorbed
specimen (Figure 1A, upper right panel). Consistent
with this endogenous expression of TLS, when ex-
pressed in the hippocampal neurons, TLS-fused to
green fluorescent protein (TLS-GFP) exhibited a similar
granular distribution within dendrites in addition to
staining in the nucleus (Figure 1A, upper left panel).
Furthermore, double-label immunocytochemistry with
anti-TLS and anti-PSD95 antibodies revealed colocali-
zation of TLS immunoreactivity with PSD95-positive
spines (Figure 1A, arrows in lower panels) (the ratio of
colocalization is 65%–73%, n = 50, dendritic segments
from spiny neurons). This result suggests that TLS is
localized in postsynapses and is consistent with further
analysis described below (see Figure S1 in the Supple-
mental Data available with this article online). The hip-
pocampal neurons expressing TLS-GFP were immu-
nostained with anti-MAP2 antibody, a somatodendritic
marker, to confirm that TLS was localized in the neuronal
dendrites (Figure 1B, upper panels). The result clearly
showed that TLS-GFP was colocalized with MAP2-immu-
nopositive dendrites. In contrast, TLS-GFP was absent
from long thin axonal projections of hippocampal pyrami-
dal neurons marked by antibody against phosphorylated
neurofilament protein (SMI31). The SMI31-positive pro-
jections were MAP2 negative, confirming their identity
as axons (Figure 1B, lower panels). These results indi-
cate that TLS is exclusively localized in the neuronal
dendrites of polarized neurons.
TLS-GFP Moves toward Dendrites
TLS localization within dendrites was examined by
using an adenovirus-mediated expression system to ef-
ficiently express TLS-GFP in cultured hippocampal
neurons. Movement of TLS-GFP was assayed by time-
lapse confocal microscopy 48 hr after infection with ad-
enovirus expressing TLS-GFP (Figure 2 and Movies 1
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588Figure 1. TLS Is Localized in Neuronal Dendrites
(A) Immunocytochemistry of mouse hippocampal-cultured neurons shows a punctate distribution of TLS within dendrites and its clustering
in the nucleus (top middle). No staining with the antibody preadsorbed by excess amounts of GST-TLS fusion protein (top right, inset;
costaining with anti-MAP2 antibody). Exogenously expressed TLS-GFP protein recapitulates the endogenous punctate localization of TLS
within dendrites (top left). Double labeling with anti-PSD95 antibody shows that some of the TLS clusters are localized in spines (bottom
arrows). Scale bars, 10 m in upper panels and 5 m in lower panels.
(B) TLS-GFP is localized in MAP2-positive neuronal dendrites, whereas TLS-GFP is absent in the MAP2-negative process (arrowheads). TLS-
GFP is excluded from this SMI31-positive thin-axonal process (arrowheads) of a mouse hippocampal pyramidal neuron. Scale bars, 10 m.
(C) TLS translocation to dendrites requires intact cytoskeletal polymers and is actin dependent. In control cells, TLS-GFP is distributed both
in the cell bodies and dendrites (n = 27) as well as staufen-GFP. Treatment with either cytochalasin B (0.2 M) (n = 48, over 50 m distant
from the soma, p < 0.01) or nocodazole (2 M) (n = 51, over 70 m distant from the soma, p < 0.01) for 12 hr reduces the amount of TLS-
GFP within dendrites, although the neuronal extensions are not retracted. Nocodazole treatment blocks dendritic localization of staufen-GFP,
however, cytochalasin B has no effect on its somatodendritic localization. Scale bar, 50 m. Graphs showing quantitative data for pharamaco-
logical experiments with inhibitors described above are presented. Error bars indicate SEM (standard error of mean) for each experiment.and 2). When TLS-GFP was expressed in immature S
adendrites with few spines (culture day 13, Figure 2A),
rapid fusion (Figure 2A, 0–5 min, left arrows) and disso- w
pciation (Figure 2A, 0–5 min, right arrows) of a fraction
of the TLS-GFP particles took place. Active movement s
Tof TLS-GFP particles over a short distance within den-
drites was also observed (Figure 2A, 15–25 min, arrow- T
Chead). To measure the exchange rate of TLS-GFP mole-
cules in the particles, we performed fluorescence d
srecovery after photobleaching (FRAP) of TLS-GFP clus-
ters present in dendrites. After photobleaching, fluores- m
ccent signals of TLS-GFP were recovered rapidly, and
half recovery of fluorescence was observed within 20 s t
a(data not shown). This rapid time course of FRAP re-
covery indicates a dynamic exchange of TLS molecules w
wbetween particulate and soluble fractions. The move-
ment of TLS-GFP was also revealed to be bidirectional, t
dand some populations of TLS-GFP particles formed
stationary clusters within the dendritic shaft (Figures d1Ba–S1Bc). These clusters also repeatedly gathered
nd dispersed within the dendrites. By double labeling
ith anti-cortactin binding protein (CortBP), as an inde-
endent marker that identifies the morphology of the
pines, and TLS-GFP, we further analyzed whether
LS-GFP clusters are localized in spines (Figure S2).
he distribution of spines/filopodia labeled with anti-
ortBP was different from that of TLS-GFP clusters, in-
icating that TLS is not selectively translocated into
pines/filopodia at the early developmental stage. In
ature dendrites at culture day 23, there was a signifi-
ant shift of the localization of TLS-GFP particles from
he dendritic shafts to spines (Figure 2B, arrow; see
lso Figure S1A and S1Ca–S1Cc), and these particles
ithin the spines did not show the rapid movement that
as evident in the immature dendrites. TLS-GFP clus-
ers within spines were of a stationary nature. These
ata suggest that TLS may move dynamically within
endrites before spine maturation. However, once im-
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589Figure 2. TLS-GFP Clusters Show Distinct Dynamics at Different Stages of Dendritic Maturation
TLS-GFP was expressed in mouse hippocampal neurons by use of the adenoviral expression system. TLS-GFP was assayed by time-lapse
confocal imaging of TLS-GFP-expressing adenovirus 24–48 hr after the infection. (A) When TLS-GFP was expressed in immature dendrites
with few spines (13 div: 13 days of in vitro culture), some TLS-GFP clusters fused together or dissociated during the short observation period
of the time-lapse sequences (arrows in [A], 0–5 min). A fraction of TLS-GFP clusters actively moved a short distance in dendrites (arrowheads
in [A], 15–25 min). (B) In mature dendrites (23 div: 23 days of in vitro culture), TLS-GFP clusters were stationary within spines and did not
move as fast as they did in the immature dendrites. However, TLS-GFP clusters changed their shape actively, possibly because of the overall
change of spine shape affected by actin-dependent motility (B, arrows). Scale bar, 5 m.mature spines are committed to form stable synapses,
TLS may become preferentially recruited to and accu-
mulated within spines.
Requirement of Intact Actin Polymers
for TLS Translocation
To examine how the cytoskeletal organization of the
dendrites is involved in the movement or transport of
TLS, we treated primary cultured hippocampal neurons
either with cytochalasin B or nocodazole, potent inhibi-
tors of the assembly of actin filaments or microtubules,
respectively. Both reagents affected the distribution of
TLS within dendrites, and the TLS-GFP disappeared
from the dendrites (Figure 1C). Quantitative analysis re-
vealed a significant decrease in the TLS-GFP signal in-
tensity in dendrites after treatment with either cytocha-
lasin B or nocodazole (Figure 1C). On the other hand,
the distribution of Staufen, whose dendritic localization
is known to be microtubule dependent [12, 13], was
affected by the nocodazole treatment, but not by cy-
tochalasin B (Figure 1C). These data indicate that the
dendritic localization of TLS-GFP required both actin
filaments and microtubules.
Synaptic Activity-Dependent TLS Translocation
to the Dendritic Spines
Mature dendrites expressing TLS-GFP were immuno-
stained with anti-synapsin I antibody, anti-vesicular
glutamate transporter-1 (VGLUT1) antibody, and anti-
CortBP antibody to reveal the precise localization of
TLS in dendrites. CortBP completely overlapped TLS-
GFP at the synaptic sites (Figure S1F), whereas punc-
tate structures immunopositive for either synapsin I, amarker of presynaptic vesicles, or VGLUT1, a marker of
excitatory presynaptic structures, were closely ap-
posed to the fluorescent clusters of TLS-GFP (Figure
S1D and S1E, respectively), suggesting that TLS was
specifically localized in the spines of excitatory post-
synaptic sites, as described above.
Local protein synthesis subsequent to translocation
of mRNA to dendrites is known to be stimulated by
DHPG, a group 1 mGluR agonist [3], as well as neuro-
trophin, BDNF [14, 15]. Using DHPG to transiently acti-
vate mGluRs in dendrites, we tested to see if TLS-GFP
accumulation in dendrites and dendritic spines de-
pends on the state of synapse activation. When cul-
tured hippocampal neurons expressing TLS-GFP were
stimulated with DHPG (100 M) over a 60-min period,
the amount of TLS-GFP clusters in dendrites increased
(Figures 3A–3D) and the movement of the particles ac-
celerated (data not shown). Furthermore, the TLS-GFP
clusters gradually accumulated in the dendritic spines
(Figures 3A–3D, inset) where retrospective immunocy-
tochemistry with synapsin I antibody revealed the pres-
ence of a presynaptic component at the sites of TLS
accumulation (Figures 3D–3F). To the contrary, other
synaptic proteins such as PSD95, Homer-1c (PSD-
Zip45), Shank, and GKAP were not translocated into
spines by DHPG treatment (see Figure S3). These re-
sults indicate that TLS is likely to be involved in the
translocation of mRNA to the dendritic spines for local
translation in dendrites. In DHPG-treated mature hippo-
campal neurons, the relative fluorescence intensity in
spines was increased significantly (n = 26, cluster index
35% in average) by 5-fold compared with that of control
neurons (n = 17, cluster index 7% in average) (Figure
Current Biology
590Figure 3. TLS Localization to the Postsynaptic Spines Is Dependent on mGluR Signals
(A–F) Time-lapse recording of TLS-GFP clusters after DHPG treatment (100 M, 60 min) reveals that TLS-GFP accumulates within spines.
(Aa–Fa) High-magnification view of the same area shown as a white rectangle in (A). Accumulation of TLS-GFP clusters takes place at the
sites where retrospective immunocytochemistry by anti-synapsin I reveals the presence of presynaptic structures (E and F). Photos (F) and
(Fa) are merged images of (D)–(E) and (Da)–(Ea), respectively.
(G and H) The average cluster index (the increase % of relative fluorescence intensity after the stimulation divided by the relative fluorescence
intensity before the stimulation) is increased in cells treated with DHPG (n = 26). This DHPG-dependent effect does not change even in the
combined presence of APV and CNQX (n = 7). The DHPG-dependent spine accumulation is abolished in hippocampal neurons from mGluR5−/−
(n = 10). Control, n = 17 (H) DHPG (100 M) induces accumulation of TLS-GFP in spines. However, upon the removal of DHPG 30 min after
the start of treatment, the amount of TLS-GFP in spines returns to the control level. Error bars in (G) and (H) indicate SEM (n = 20).3G). DHPG treatment did not change the number of the v
nspines protruding from the shaft under the experimen-
tal conditions used nor caused significant elongation of a
cthe spines. Moreover, upon the removal of DHPG 30
min after the treatment, the number of spines contain- [
wing TLS-GFP clusters moved back to the control level
after another 30-min period of incubation (Figure 3H). p
dThis result clearly indicates that the spine localization
induced by DHPG is a reversible event and that the s
ispine localization was dependent on the state of mGluR
activation. Hippocampal neurons expressing TLS-GFP c
were exposed to DHPG in the presence of both CNQX
and APV, which are antagonists for the AMPA/kainate- A
Ttype glutamate receptor (GluR) and NMDA receptor
(NMDAR), respectively, to identify the signals responsi- r
pble for the spine localization. The combination of CNQX
and APV did not affect the DHPG-induced spine local- (
(ization of TLS (Figure 3G), indicating that the spine lo-
calization was solely mediated by the mGluR activation d
aand was independent of GluR or NMDAR activation.
Because we demonstrated that TLS accumulated ex- a
iclusively in the spines of postsynaptic neurons (Figure
S1D–S1F), mGluR5, the major group 1 mGluR, was sus- t
bpected to be the most plausible receptor candidate in-olved in TLS localization to the spines of pyramidal
eurons in the CA1 area. To test this possibility, we ex-
mined the DHPG-induced TLS redistribution in hippo-
ampal neurons derived from mGluR5 knockout mice
16]. In neurons of the mGluR5 homozygous mutants in
hich basal TLS distribution was not changed com-
ared with wild-type (Figure S4), DHPG could not in-
uce spine localization of TLS (Figure 3G). These re-
ults confirm that TLS accumulation in spines is
nduced upon postsynaptic activation of signaling cas-
ades initiated by mGluR5.
bnormal Spine Morphology in TLS-Deficient Mice
o investigate the context of TLS localization and its
ole in neuronal development, we prepared primary hip-
ocampal neurons from embryos of TLS mutant mice
TLS−/−) [17] and stained them with the lipophilic dye DiI
Figure 4). In the hippocampal neurons from the TLS-
eficient mice, the dendrites were irregularly branched,
nd numerous long and thin processes like immature
xons extended from the cell body (Figure 4A, arrows
n upper panel of −/−), which is not observed in wild-
ype neurons extended with a single axon from the cell
ody (Figure 4A, arrows in upper panel of +/+). How-
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591Figure 4. TLS-Deficient Mice Show Reduced Spine Number and
Abnormal Spine Morphology
(A) Morphology of hippocampal neurons from TLS wild-type (TLS+/+)
and TLS null mutant (TLS−/−) mice visualized by application of lipo-
philic dye DiI at 21 days in vitro. In neurons obtained from TLS−/−
mice, there were multiple axon-like processes that have elongated
from the soma (arrows in −/− of the upper panel). With higher mag-
nification, the spines were reduced in their number (arrows in −/−
of the middle panel) or transformed into thin cytoplasmic protrusion
similar to filopodia (arrowheads in −/− of the lower panel). In con-
trast, majority of dendritic protrusions in wild-type neurons showed
the morphology of mushroom-shaped spines, containing large
heads connected to the shaft via thin neck (arrows in +/+ of the
lower panels). Scale bars, 50 m in upper panels and 5 m in
lower panels.
(B) Quantitative analysis of spine density in hippocampal neurons
taken from wild-type (+/+) and TLS null mutant (−/−) mice. There
was a significant decrease of spine density in the TLS null mice.
On the other hand, the number of filopodia-like protrusions was
significantly increased in TLS null neurons (50 representative den-
drites from 10 neurons with each genotype were measured; double
asterisk, p < 0.01). Error bars, SEM.
(C) Sholl profiles revealed a slight change in branching pattern of
TLS null cultured pyramidal neurons. Number of dendritic crossings
within 50 m and over 200 m from the soma significantly in-
creased in TLS null neurons (n = 30 independent neurons). Asterisk,
p < 0.05; double asterisk, p < 0.01.ever, immunostaining for MAP2 or SMI31 revealed that
TLS-null neurons possessed multiple dendrites and a
single axon, indicating that the neuronal polarity was
not affected by the TLS deficiency (data not shown).
The spines in TLS-deficient neurons were reduced in
number (Figure 4A, arrows in lower panel of −/−) ortransformed into thin and long cytoplasmic protrusions
similar to filopodia (Figure 4A, arrowheads in lower
panel of −/−). Their structure was distinct from that of
the wild-type hippocampal neuron spines, which dis-
played thin necks and relatively large heads and, thus,
had a mushroom-like shape (Figure 4A, arrows in lower
panel of +/+) [1]. Quantitative analysis revealed that the
density of spines in TLS-deficient neurons was signifi-
cantly reduced compared with that in the wild-type
ones (Figure 4B). On one hand, the number of filopodia-
like spines was increased in TLS-deficient neurons. To
clarify further the difference in spine morphology be-
tween the TLS-deficient and wild-type neurons, we
measured dendritic complexity by a standard Sholl
analysis [18], which counts the number of dendritic
crossings at 50 m concentric circles. There were more
branches in the proximal and distal region in TLS-defi-
cient neurons compared with those in wild-type (Figure
4C). In the proximal region, more dendrites were elon-
gated directly from the soma in the TLS null neurons. It
appeared that there were more tertiary dendritic
branches in the distal region of the TLS null neurons.
These data imply a key role for TLS in neuronal matura-
tion including dendritic branching and also mainte-
nance of spine stability.
Discussion
Metabotropic glutamate receptors have diverse func-
tions in signal transduction of neurons. Group 1
mGluRs, including mGluR1 and mGluR5, are localized
at the periphery of the postsynaptic junctional mem-
brane of principal neurons in the hippocampus and the
cerebellum [19, 20]. Our time-lapse recording of TLS-
GFP revealed that treatment with DHPG, a selective
group 1 mGluR agonist, increased the amount of TLS-
GFP clusters in the spines of mature dendrites within
30 min of stimulation (Figure 3). By using hippocampal
neurons from mGluR5 knockout mice, we showed that
postsynaptic mGluR5-mediated signaling system was
responsible for the translocation of TLS. The reversal
of TLS translocation after DHPG washout, shown in
Figure 3H, clearly indicates that accumulation of TLS
in spines was maintained by mGluR activity and not
stabilized by other molecular interactions. Activated
postsynaptic mGluR5 can induce increases in both in-
tracellular calcium concentration [Ca2+]i and PKC acti-
vation through the G protein-linked inositol phospholip-
ids pathway [21]. On the other hand, PKC activation
has been shown to control the redistribution of a wide
variety of proteins localized in the postsynaptic density
(PSD) [22, 23]. Because PKC is responsible for the reor-
ganization of the actin cytoskeleton in a variety of cell
types [24], activation of PKC by mGluR5 may subse-
quently release TLS-containing RNA granules from their
actin bound state and initiate their translocation into
spines. This hypothesis can be tested by experiments
with multiple fluorescent reporters to simultaneously
monitor translocation of TLS and reorganization of the
actin cytoskeleton.
Although DHPG treatment induces accumulation of
TLS, signaling via mGluR5 cannot be the sole mecha-
nism of TLS accumulation in spines. The presence of
Current Biology
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examination of cultured neurons from mGluR5 null
mice, where transition of TLS from dendritic shafts to
spines took place with a time course similar to that for
wild-type mice (unpublished data). On the other hand,
absence of TLS in hippocampal neurons affected the
morphology of the dendrites and reduced the number
of the spines (Figure 4). It is likely that accumulation of
TLS into spines is essential for their structural matura-
tion but is dependent on multiple signaling systems in-
cluding mGluR5 activation. Abnormal spine morphol-
ogy has also been reported in FMRP null mice [25, 26].
In the FMRP knockout mice, neuronal dendrites exhib-
ited long and thin dendritic spines with increased den-
sity. This increased spine density may be attributed to
the absence of an activity-dependent translational sup-
pression by FMRP [27]. The contrasting phenotypes of
these null mutants illustrate the functional diversity of
RNA binding proteins in dendrites.
Considering the dual functions of TLS as the RNA-
1splicing factor and an RNA transporter, we may specu-
late that TLS may coordinately regulate the rate of RNA
splicing in the nucleus and the amount of mRNA trans- 1
ported to local translational machinery in spines in re-
sponse to synaptic activation. Understanding how
1postsynaptic metabotropic signals regulate TLS dy-
namics will be essential in order to decipher the com-
plex cellular system that integrates synaptic activity,
RNA splicing and transport, and local dendritic transla-
1tion. Our present and future findings on the neuronal
functions of TLS do and will provide important keys for
further understanding the molecular basis of synaptic
1plasticity and a general insight into local translation in
polarized cells.
1
Supplemental Data
Supplemental Data include four figures, two movies, and Supple-
mental Experimental Procedures and are available with this arti-
cle online at http://www.current-biology.com/cgi/content/full/15/6/ 1
587/DC1/.
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